HYDRODYNAMIC MODEL FOR DISINTEGRATION
regulated by thermal ionization (Zel'dovich and Raizer 1966) . A value of Ͳ of 1.2 was used to approximate the By considering the tidal forces that broke Shoemaker-effects of dissociation and ionization of the atmosphere. Levy 9 up into fragments Scotti and Melosh (1993) inferred The dynamic viscosity of the shocked jovian atmosphere that it had a very low internal strength, of the order of was estimated by taking a laboratory measurement for 100 Pa, while a model due to Asphaug and Benz (1994) hydrogen at 1 atm and 600 K (Assael et al. 1986 ) and reproduced the tidal breakup of the comet by assuming extrapolating to 35,000 K by assuming a ͙T dependence it was a strengthless aggregate. If it is assumed that the and pressure independence, this gave a figure of 10 Ϫ4 Pa fragments of Shoemaker-Levy 9 can be modeled as bodies sec. of a viscous fluid then an important process in their breakup
The rate of change of the kinetic energy, KE, of a perturwould have been the development of hydrodynamic insta-bation on the surface of the impactor is given by bilities which have been observed in the aerodynamic breakup of liquid polymers (Keith and Banks 1990) . These 1 KE
instabilities are hybrid in nature, being part KelvinHelmholtz (KH) which are associated with shear flow and part Rayleigh-Taylor (RT) which are associated with the When the kinetic energy of the disturbance reaches a critideceleration of the impactor. Field and Ferrara (1995) cal value a ''droplet'' with a radius of about ȏ/k will break showed that, except on scales comparable to the size of off. The time to this break-off is given by the impactor, the instabilities would be predominantly KH in character. Since the fastest growing perturbations are t b ϭ ln (KE*/KE 0 ) 2b
those with short wavelengths the contribution of KH instabilities will be considered first. The amplitude of KH instabilities of wavenumber k at the boundary between two where B ϭ ln(KE*/KE 0 ) is the logarithm of the ratio of viscous, incompressible media goes as exp(bt) where b is the kinetic energy of the perturbation at break-off to the given by Keith and Banks as initial kinetic energy of the disturbance which may originate from thermal fluctuations or from externally induced vibrations. This logarithm was estimated to be between 10 b ϭ
and 20 by Keith and Banks and their preferred value of 14 will be used here. To obtain the total rate of mass loss disturbances on all length scales must be considered. This where is the mass density of a medium, is its dynamic can be done by counting the number of modes over the viscosity and the subscript 1 denotes the shocked jovian surface of the impactor. It is assumed that instabilities atmosphere moving with a velocity U over the cometary develop over the leading hemisphere of a spherical immaterial which is denoted by the subscript 2. It has been pactor of radius, R. The density of modes in two-dimenassumed that 1 Ӷ 2 . The subscripts on 2 and 2 will be sional k-space is area ϫ ȏ Ϫ2 so in the first quadrant of an dropped so that and will refer to the density and annulus of radius k and width dk there will be 2ȏR 2 ȏ Ϫ2 ȏk viscosity of the impactor material. The relevant values for dk/2 ϭ R 2 k dk modes. Therefore the rate of mass loss 1 , 1 , and U are those of the jovian atmosphere behind due to modes with wavenumbers in the interval k Ǟ k ϩ the shock which precedes the impactor. For a strong shock, dk is given by the postshock density and velocity are given by (Zel'dovich and Raizer 1966) 4ȏ 3
So the total rate of mass loss, after substituting for b from Eq.
(1) can be written
where atm is the density of the unshocked atmosphere, V is the velocity of the fragment, and Ͳ is the ratio of specific heats of the atmosphere. The temperature of the shocked where the second term on the right-hand side (RHS) of Eq.
(1) has been neglected since it is important only at jovian atmosphere was assumed to be 35,000 K based on the results of Crawford et al. (1994) obtained using an very short wavelengths. The effect of this term can be approximated by only integrating as far as k max which is Eulerian shock physics code. This temperature is strongly the wavenumber of the disturbance at which viscosity sup-
presses the growth. Initially k max corresponds to the smallest scale disturbances which do not have their growth suppressed by viscous effects. An approximate expression for where Ͱ is the angle the impactor's trajectory makes with the vertical. this value of k max can be obtained by setting b equal to zero in Eq. (1) and solving for k:
It has been implicitly assumed that the viscosity of the impactor, , is the same at all length scales which need not necessarily be true. The smallest scale instabilities would
V.
(8) develop in a thin layer of liquid melt on the surface in which case the relevant viscosity would be that of water which is 10 Ϫ3 Pa sec although it will be shown below that The lower limit of integration corresponds to the longest these smallest scale instabilities make a neglible contribuwavelength disturbance that has had enough time to grow tion to mass loss. At larger scales the effective viscosity to the point at which break-off occurs. By equating t with would be that of the bulk cometary material, which may t b , Eq. (5) gives be highly nonlinear with strain-rate. Therefore, can be thought of as a weighted mean of the viscosity over all length scales. It is thought that comets may have a granular
structure and the properties of granular media are not well understood. Models which predict the effective viscosity of granular media do exist (e.g., Lun 1991), although such where V 0 is the initial velocity of the impactor. The rate of viscosities are nonlinear and are sensitive to individual mass loss is given by integrating over k in Eq. (7) to obtain grain size and density as well the packing density. The values of these parameters are highly uncertain for comets.
Indeed, the fractal accretion model of Donn and Hughes (1986) suggests that the structure of comets may not have (10) any characteristic length scales.
To compare the KH breakup model with the results unless k max Ͻ k min in which case dM/dt ϭ 0 because there of the numerical smooth particle hydrodynamic work of has not been enough time for the smallest instabilities Takata et al. (1994) the density of the impactor was set at allowed by viscosity to grow to their critical break-off size. 1000 kg m Ϫ3 and its effective viscosity was inferred by As the larger perturbations grow they will disrupt the flow considering the rate of growth of the smallest scale disturof shocked atmosphere over the surface of the impactor, bances resolved by the model and was found to be 0.1 Pa effectively smearing out the velocity discontinuity and in-sec using Eqs. (5) and (1). The model jovian atmosphere creasing the depth of the ''boundary layer.'' This disruption used matched Voyager occultation measurements (Lindal will thus stabilize smaller instabilities. Initially the instabili-et al. 1981) down to the altitude of 1 bar pressure and was ties with the maximum growth rate will be responsible for adiabatically extrapolated below this altitude. The SPH most of the mass loss but eventually the longest wavelength model of Takata et al. had a resolution of 8 elements across instabilities will dominate. This behavior has been ob-the diameter of the bolide. Therefore, it could not resolve served in numerical simulations of astrophysical jets (Bodo disturbances with length scales smaller than this. To mimic et al. 1994) . Numerical studies of how periodically rough the effect of resolution a maximum was imposed on k max surfaces disrupt flow (Mickaily et al. 1992) suggest that corresponding to 0.25 ϫ R 0 , where R 0 is the initial radius substantial disruption will occur in a layer of thickness of the impactor. The set of coupled differential equations, /3, where is the wavelength of the periodic roughness. Eqs. (10), (11), and (12) were solved numerically to obtain k max /k min will thus grow to a maximum value of about energy deposition profiles for impactors with initial radii 3 before longer wavelengths begin to stabilize the small of 1.0 and 5.0 km entering Jupiter's atmosphere at 60 km scale disturbances. sec
Ϫ1
. The energy deposition curves are shown in Fig. 1 as The impactor will also undergo deceleration due to at-solid lines. They should be compared with the dashed mospheric drag. This deceleration is given by curves which are the corresponding curves obtained by Takata et al. with their SPH model . While the results of the KH breakup model do not exactly match those of
the SPH model the KH model predicts the altitude of maximum energy loss quite well, placing it at Ϫ150 km for a 2-km-diameter object and at Ϫ450 km for a 10 km diameter where C D is the drag coefficient which for a sphere is about 1. The impactor's altitude z changes with time according to object. The KH model was then evaluated with the resolu-across the bolide was needed to converge on a penetration depth. To compare the behavior of the KH model with the numerical models of Mac Low and Zahnle Eqs. (10), (11), and (12) were solved with an upper limit imposed on k max of 0.16, corresponding to 50 elements across the diameter. The result is shown as the thick line in Fig. 2 . While the energy deposition curve obtained with a resolution of R50 does not exactly match that obtained when viscosity limits instability size the altitudes of maximum mass loss and final breakup differ by less than a scale height. This result is also consistent with the convergence tests performed by Crawford et al. (1994) on their numerical model which gave the depths of penetration for resolutions of R10, R25, and R50 of about Ϫ330, Ϫ315, and Ϫ310 km, respectively. It should be noted that if the impactor has FIG. 1. Energy deposition curves for the Kelvin-Helmholtz breakup an effective dynamic viscosity of 0.1 Pa sec then the smallmodel (solid line) and the SPH numerical model due to Takata et al. est disturbances that will be unstable will have a scale on (dashed line) the order of 10 Ϫ5 m. To resolve such instabilities would require a resolution of about 2 ϫ 10 8 elements across a 2-km bolide yet the model converges on a penetration tion cutoff removed on the upper limit for k max . In this depth for much lower resolutions because the smallest case the minimum length scale for disturbances which con-scale instabilities are quickly stabilized by the growth of tributed to mass loss was determined by the effective vis-larger ones and so they do not contribute to mass loss for cosity of the impactor. The energy deposition profile ob-very long. tained in this case is shown as the thin line in Fig. 2 
. Clearly
It is interesting to compare the rate of mass loss due to the altitude of maximum energy loss for a given impactor KH instabilities given by Eq. (10) with the rate of mass is higher, being at Ϫ25 km for the 2-km object and at loss predicted by a radiative ablation model which is given Ϫ200 km for the 10-km object. This result agrees with the by (Bronshten 1981) conclusion of Mac Low and who found that in their numerical modeling the depth of penetration decreased with increasing resolution due to the contribu-
tions to mass loss by smaller scale instabilities. Mac Low and Zahnle found that a resolution of at least 25 elements where Q is the effective heat of ablation which was taken as 2.3 ϫ 10 6 J kg Ϫ1 for ice and C H is a dimensionless heat transfer coefficient. Svetsov et al. (1995) assume a value of C H between 10 Ϫ2 and 10 Ϫ3 based on the work of Biberman et al. (1980) and Apstein et al. (1989) . The ratio of mass loss due to KH instabilities, Ṁ KH , and mass loss due to ablation, Ṁ A , is given by dividing Eq. (10) by Eq. (13):
Using the parameter values given above and an estimate for C H of 10 Ϫ3 Eq. (14) becomes and so the ratio given by Eq. (15) is actually an underesti-mate. The ratio given by Eq. (15) is plotted for a 2-km be caused by the onset of RT-type instabilities. It should be noted that the energy deposition curves given by Crawbolide in Fig. 2 . Note that the rate of mass loss due to ablation only becomes comparable with that due to KH ford et al. include the effects of the downward advection of energy in the fast moving wake. This may partially instabilities at an altitude of less than Ϫ600 km but the bolide has disintegrated long before reaching this depth. explain why the mass loss peaks in this semi-analytic model are about a scale height above those obtained by Crawford If the upper estimate of C H of 10 Ϫ2 is chosen then ablation becomes more important than KH instabilities at an alti-et al. The parameters of the inviscid model were held constant except for the bolide diameter which was reduced to tude of Ϫ200 km and therefore is relevant in the 10-kmdiameter case.
1 km and the value of k which was increased to 0.63 m Ϫ1 , corresponding to a resolution of 100 elements across the Field and Ferrara (1995) showed that on scales larger than about R/25 Rayleigh-Taylor instabilities will grow bolide. The result for the 1-km bolide is shown as the solid line in Fig. 3b . For comparison the numerical calculation faster than KH instabilities. Therefore, if there has been sufficient time for RT instabilities of this size to grow then for a 1-km bolide performed by Mac Low and with R50 resolution is shown (dashed line) as well they may make a significant contribution to mass loss. In the long wavelength limit the effects of viscosity are the result they obtained from the simple ''pancake'' model (see below). It can be seen from Fig. 3b that the simple unimportant and KH and RT instabilities grow as exp(nt) where inviscid model predicts the location of the energy deposition peak to within one scale height. For this smaller bolide size the onset of mass loss due to RT instabilities begins
kV (16) sooner, this is to be expected since while Eq. (16) indicates that the growth rate of KH instabilities has no explicit R dependence, Eq. (17) says that the growth rate of RT . As well as the two cases described above the model represented by Eq. (18) was evaluated for a range of bolide sizes (diameters of 1 to 10 km) and where gЈ is the deceleration of the impactor. Again it has resolutions (R2 to R100) and compared with the results been assumed that 1 Ӷ 2 . The total mass loss by KH and of corresponding numerical models obtained by Crawford RT instabilities in the inviscid case can be approximated by et al. , and Takata et al. (1994) . Apart from R 0 and k no other parameters were changed between runs. The simple inviscid model dM dt
predicted the location of the peak in energy loss and the altitude of final breakup reasonably well in all cases. The energy deposition profiles obtained by Mac Low and
Zahnle at resolutions lower than required for convergence were reproduced when k was chosen to correspond to these low resolutions. The important point is that the position where the AЈs are constants of order 1/ln(KE*/KE 0 ) which were fixed at A RT ϭ 0.015 and A KT ϭ 0.07. These values of the peaks of energy deposition are largely controlled by the resolution of the finite difference or SPH models were the same for comparisons with all model runs. A particular kind of instability can contribute to mass loss unless a high enough resolution (ϾR25) is chosen.
In the above analysis it has been assumed that no deforonly if nt Ͼ 1/A. Equations (16) and (17) were substituted into Eq. (18) and then Eqs. (11), (12), and (18) were solved mation of the bolide occurs. Some authors have used a pancake model in which the bolide expands laterally due numerically for a fixed value of k of 0.05 m Ϫ1 corresponding to a resolution of 25 elements across the impactor which to the pressure difference between the front and the sides.
Mac Low and Zahnle (1994) use the following expression had a diameter of 3 km to enable a comparison with the numerical study of Crawford et al. (1994) . The energy de-for the change in the radius, R position curve obtained is the solid line in Fig. 3a . The dashed curve is the smoothed energy deposition curve ob-
tained by the numerical modeling of Crawford et al. (1994) . The lower peak in energy deposition is due to the onset of mass loss due to RT instabilities. The presence of two If the time scale on which deformation occurs is t then peaks in energy loss is consistent with the results of a numerical model due to Crawford et al. (1994) . Therefore, the first peak in energy loss can be interpreted as mass R from which it follows that the rate at which deformation
, is given by where p 1 is the pressure behind the shock and 0 is the
(21) initial density of the atmosphere. The velocity of material immediately behind a strong shock, u, is given by A comparison of Eq. (21) with Eq. (16) reveals that this is actually the growth rate for KH instabilities with a length u ϭ 2 Ͳ ϩ 1 D.
(23) scale of order the size of the bolide. Svetsov et al. (1995) have shown that the rate of spreading due to RT instabiliThe pressure behind the shock can be written in term of ties is of the same order as the rate of spreading predicted the energy per unit volume, using by the pancake model which is to be expected from the Field and Ferrara result that KT and RT instabilities have
similar growth rates at scales larger than R/25. This explains why the RT regime in Fig. 3b closely resembles the so Eqs. (22) and (23) can be combined to write pancake model result. It has already been shown above that instabilities with length scales larger than R/25 are only important in the final phase of entry and the bolide
(25) actually disintegrates due to smaller instabilities before instabilities with a length scale of order R have had time Equation (25) indicates that the velocity of material behind to grow. Therefore the model presented above implies the shock depends only on the energy density and not on that large scale deformations of the impactor are not an the total energy. Crawford (1996) pointed out that the important factor during entry.
velocity of plume material would scale as energy density and that the energy density deposited in the atmosphere 3. PLUME MODEL is, to a first approximation, independent of fragment size. As the comet is decelerated by the atmosphere the atmo-The energy deposited per unit altitude is given by sphere will be heated. The superheated gas in the wake of the comet will expand, causing a shock wave to propagate
(26) through the atmosphere. The velocity of the shock front, D, is given by Zel'dovich and Raizer (1966) for a strong explosion as Using Eqs. (11) and (12), Eq. (26) can be rewritten as
where debri is the mass of cometary material deposited per unit volume in the wake. So the energy deposited per unit volume of atmosphere, , is
Combining Eqs. (25) and (27) gives the velocity of material behind the shock The largest uncertainty in evaluating u is the appropriate value of Ͳ. Using a value of Ͳ of 1.2 it is found that u is 0.30 V, whereas for a value of Ͳ of 1.4 u is equal to 0.41 V. The first case gives a value of u of 18 km sec
Ϫ1
, for an where E is the energy within the shocked region and, for entry velocity of 60 km sec
. Since the plume material a vertical section of atmosphere of height H, is approxihad a trajectory of about 45Њ above the horizontal this mately given by corresponds to a vertical velocity of 12 km sec Ϫ1 , in good agreement with observation. 
VR T(z 0 ), So for Ͳ ϭ 1.2 h ϭ 3400 km, whereas for Ͳ ϭ 1.4 this increases to h ϭ 7200 km.
(34) In the numerical models of Crawford et al. (1994) and Takata et al. (1994) the postentry fireball is seen to origiwhere T(z 0 ) has dimensions of length to the three-halfs nate at about the level of the tropopause. This might be power and is the function understood in terms of the ''breakout'' time of a shock wave in the jovian atmosphere. The breakout time, , is given by Zel'dovich and Raizer (1966) as Figure 4 shows a plot of the function T(z 0 ) against altitude. At the level of the tropopause there is an altitude interval where z 0 is the altitude at which the shock originates and of about 75 km for which the function T(z 0 ) has an approxi-D is the shock velocity. It was shown by Newman et al. mately constant value of 5 ϫ 10 6 m 3/2 . The energy deposited (1995) that the shock front from an explosion in an expo-in this interval will break out of the atmosphere at about nential atmosphere asymptotically approaches a radius of the same time evolving into the fireball. For a value of T ȏH, where H is the atmospheric scale height. Therefore of 5 ϫ 10 6 m 3/2 , a scale height of 30 km, an impact velocity, the velocity of the shockfront scales as V, of 60 km sec Ϫ1 and an impactor radius, R, of 1 km Eq. (34) gives a value of of about 1 min. This is of the order of the time scale for the evolution of the fireball (Chapman 1995) .
CONSTRAINT ON FRAGMENT SIZE
The above analysis assumes that the energy density, , has the same value at the tropopause for all the fragments. Since is proportional to V 2 it follows that for the exit velocity of plume material to be approximately identical for all the fragments they must all have the same value of V at the tropopause. For this to be true for fragments of different sizes they must reach the tropopause without being significantly decelerated. The question of how large a fragment must be for this to be true will now be considered.
According to the model of hydrodynamic breakup mass loss due to the growth of instabilities is far more important than deceleration. In the upper atmosphere the dominant instability will be of the Kelvin-Helmholtz type so Eq.
FIG. 5.
The heights of the plumes produced by fragments A, E, G, (18) will be used but the Rayleigh-Taylor term in the and W plotted against their relative estimated kinetic energies based on brackets will be ignored. Rewriting this equation in terms HST observations (Weaver et al. 1995) . Also shown are plume height of R and integrating gives the radius minimum, R*, of an predictions made using the mass-depth compensation model (Eq. (38)) impactor that will be destroyed by the time it reaches and the constant specific energy model (Eq. (30)) for values of Ͳ of 1.2 and 1.4. the tropopause,
explosion. As Crawford (1996) points out there is no evidence for a strong shock being produced at the terminus and so modeling the deposition of energy in the atmowhere z t is the altitude of the tropopause, 47 km above sphere as an explosion at the end point of penetration may the 1-bar level. The value of the integral in Eq. (36) is not be appropriate. Furthermore, in numerical simulations approximately equal to 7000 kg 1/2 m Ϫ1/2 so R* Ȃ 150 m. the visible plume appears to originate at the tropopause This analysis suggests that the fragments for which plumes even in cases where fragments penetrate much more were observed (A, E, G, and W) all had diameters ex-deeply. Using the depth compensation model Zahnle ceeding 300 m. Hubble Space Telescope observations (1996) derived the following relationship for the velocity (Weaver et al. 1994) suggest that of the four fragments for of plume material which plumes were observed fragment A had the smallest diameter. If it is assumed that this fragment had a diameter of at least 0.3 km and that the relative fragment sizes
inferred from HST observations are correct it follows that the lower limit on the diameter of the progenitor is 1.6 which corresponds to a plume height given by km, which is considerably less than the 7.0 (ϩ2.8, Ϫ3.9)-km estimate of Takata et al. (1995) , which was made by comparing the observed plume heights with the results of h ϭ E i 8ȏ atm (z 0 )gH 3 , (38) SPH simulations. A progenitor diameter of 1.6 km agrees with the results of Scotti and Melosh (1993) , Asphaug and Benz (1994), and Solem (1994) who calculated progenitor where E i is the impact energy. For parameter values typical of a Shoemaker-Levy 9 fragment Eq. (37) predicts a plume diameters of 2.0, 1.6, and 1.8 km, respectively, by modeling the progenitor's breakup due to tidal disruption. material velocity of just 2 km sec Ϫ1 which is far lower than the velocity of material in the observed plumes. Zahnle Mac Low (1995, see also Zahnle 1996) proposed that the reason why the plumes produced by the suggests modifications to the model which will increase the velocity such as restricting the exit path of the plume to Shoemaker-Levy 9 impacts all went to about the same height is that the larger fragments went deeper into the the superheated wake but certainly in its most basic form the depth compensation model does not agree with the atmosphere and therefore there was a greater mass of atmosphere above the point of maximum energy release, observations, whereas, as shown above the constant specific energy model proposed by Crawford does give plume indeed, this model was originally favored by the present authors (Roulston and Ahrens 1995). However this model material velocities consistent with those observed. Figure  5 is a plot of the observed plume heights for fragments A, essentially treats the terminus of penetration as a point E, G, and W (Hammel et al. 1995) against their relative 6. DISCUSSION kinetic energies inferred from HST observations by The model of impactor breakup based on mass loss due Weaver et al. (1995) . Also shown are the plume heights to KH instabilities suggests that the rate of mass loss and predicted using the constant specific energy model pretherefore the depth of penetration predicted by numerical sented in this paper and the simplest form of the masshydrodynamical models can strongly depend on the resoludepth compensation model proposed by Zahnle and tion unless a high enough resolution is chosen. The smallest Mac Low.
instabilities not suppressed by viscosity have length scales on the order of 10 Ϫ5 m. This is many orders of magnitude
IMPACT FREQUENCY
smaller than the resolution of any numerical model but it appears that a resolution of 50 cells across the impactor is Having calculated a lower limit for the size of the imsufficient to obtain penetration depths within one scale pacting fragments for which plumes were observed it is height of those obtained when the smallest instabilities are possible to reassess the estimate of the frequency of SL9-governed by viscosity rather than by resolution. This is type events on Jupiter which was made by Takata et al. because the smallest instabilities are quickly stabilized by (1995) . The frequency-magnitude relation of Shoemaker the growth of larger ones. If the impactor survives long et al. (1990) and estimates of the population of extinct enough for RT instabilities with wavelengths longer than Jupiter family comets (Shoemaker et al. 1994) were used about R/25 to grow to their critical break-off points then to calculate the number of Jupiter family (J-f) comets as a second peak in energy deposition may be observed. Such a function of diameter. The number of comets, N, with peaks are apparent in the numerical results of Crawford diameters exceeding D is given by et al. and the onset of RT instabilities might provide an explanation. log 10 N ϭ 3.95 Ϫ 1.98 log 10 D,
The small variation in the heights of the plumes produced by impacting fragments with widely varying masses where D is in kilometers. It was found that there are about can be explained by the fact that the energy deposited per 97,600 and 3600 extinct J-f comets with diameters ex-unit volume of atmosphere is approximately independent ceeding 0.3 and 1.6 km, respectively although these num-of the size of impactor. This idea was outlined by Crawford bers are uncertain by a factor of two. The annual flux of (1996) and a more quantitative analysis shows that it is J-f comets colliding with Jupiter, F J , is given by consistent with the observed plume heights. The implication of this model for plume production is that the plumes contain very little jovian material from below the tropo-F J ϭ ȏR 
pause, as predicted by Takata et al. (1994) . A consideration of shock breakout time and energy deposition as functions of altitude shows that there is a region where R J is the radius of Jupiter, a J is the semimajor axis around the tropopause where the shock breakout time of Jupiter's orbit, i is the mean inclination of the orbits of remains approximately constant over 75 km. It is here that extinct J-f comets, N is the population of comets and ͗P͘ the fireball initially develops. This is seen in numerical is the mean period of the comets. The term in brackets is models (Crawford et al. 1994) . For the plumes produced the gravitational focusing factor which is a function of the by impacting fragments to be similar, as was observed, the escape velocity of Jupiter, v esc , and the velocity of the fragments must have penetrated as far as the tropopause comet at infinity, v ȍ . The escape velocity of Jupiter is 57.2 without signficant deceleration. This constraint sets a lower km sec Ϫ1 and v ȍ was taken to be 10 km sec Ϫ1 following limit on the diameters of the fragments of 0.3 km. Using Takata et al. (1995) . Using estimates from Shoemaker Hubble Telescope observations (Weaver et al. 1994 (Weaver et al. ) it was et al. (1995 a value of i of 31.7Њ was used along with a then inferred that the minimum diameter of the progenitor value of ͗P͘ of 6.66 years. Equation (40) was then used to was 1.6 km. Using frequency-magnitude and extinct comet calculate that the expected interval between impacts of population estimates (Shoemaker et al. 1990 (Shoemaker et al. , 1994 ) the 0.3-and 1.6-km-diameter objects on Jupiter is about 500 recurrence times for 0.3-km diameter comets and 1.6-kmyears and 6000 years, respectively. These estimates are diameter comets impacting Jupiter were estimates as about uncertain by a factor of two because of the uncertainty in 500 years and 6000 years respectively. the comet population estimates. These intervals are much shorter than the 2800 and 9500 years predicted by Takata et al. (1995) but are still reasonable with respect to the constraint that no SL9-type events had been observed on 
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